Pancreatic ductal adenocarcinoma (PDAC) is an aggressive human malignancy in which Smad7 is commonly overexpressed. Analysis by differential display identified thioredoxin-1 (TRX) as a gene whose basal expression is increased in COLO-357 pancreatic cancer cells engineered to overexpress Smad7. To delineate the biological consequences of TRX overexpression, we assessed TRX mRNA levels in PDAC and studied the effects of increased TRX levels in Smad7-overexpressing cells. By northern blotting, TRX mRNA levels were increased in PDAC samples by comparison with the normal pancreas. Moreover, analysis of lasercaptured pancreatic cancer cells revealed parallel increases in Smad7 and TRX mRNA levels. Retroviral infection of an antisense TRX cDNA suppressed TRX protein levels and blunted the increased capacity of Smad7-overexpressing cells to form colonies in soft agar. 1-Methyl-propyl-2-imidazolozyl disulfide, a TRX inhibitor, markedly suppressed the growth of sham-transfected COLO-357 cells and enhanced the growth inhibitory actions of cis-diamminedichloroplatinum(II) (CDDP). CDDP also induced apoptosis, as evidenced by induction of DNA laddering, PARP cleavage, and caspase-3/9 activities. These pro-apoptotic actions were greatly attenuated in Smad7-overexpressing cells, which exhibited a more prolonged association of TRX with the apoptosis inducer apoptosis signal-regulating kinase-1, and enhanced nuclear factor B activation in response to CDDP. These findings suggest that TRX is downstream of Smad7 in a pathway that confers a growth advantage to pancreatic cancer cells and that increases their resistance to CDDP-mediated apoptosis, implying novel regulatory functions for Smad7.
INTRODUCTION
The transforming growth factor-␤ (TGF-␤) superfamily of cytokines inhibits the growth of many epithelial cell types. TGF-␤ inhibitory effects are mediated via heteromeric complex formation of TGF-␤ type II and type I serine/threonine kinase receptors (T␤RI and T␤RII). Upon TGF-␤1 ligand binding to T␤RII, T␤RII phosphorylates serine and threonine residues within the GS domain of T␤RI, which activates its kinase activity. T␤RI then phosphorylates the receptor-regulated Smads (R-Smads) Smad2 and Smad3. Activated Smad2/3 form a complex with Smad4 (Co-Smad), and translocate to the nucleus to act as transcriptional modulators of TGF-␤1-regulated genes (1). Another class of Smads, the inhibitory Smads, Smad6 and Smad7, inhibit TGF-␤1 signaling by binding Smad4 to prevent association with Smad2/3 (Smad6) or by binding to T␤RI and preventing phosphorylation of Smad2 and Smad3 (Smad7; Refs. 2, 3) .
In addition to inhibiting TGF-␤1 signaling, Smad7 may function as a TGF-␤1-independent transcriptional modulator. The Smad7 MH2 domain, when fused to a DNA-binding domain acts as a potential transcriptional activator (4) . Furthermore, when Smad7 is complexed to the DNA-binding domain of GAL4, it increases the transcription of a minimal retinoid acid receptor-␤2 GAL4-TGTA luciferase construct (5) . Smad7 also associates with transcriptional repressor histone deacetylase-1 (6) , and the transcriptional coactivators p300 (7) and yes-associated protein (YAP65; Ref. 8) . Thus, Smad7 may exert coactivator/corepressor functions depending on the cellular context in which it is expressed.
Thioredoxin-1 (TRX), along with thioredoxin reductase and NADPH, make up the thioredoxin redox system (9) . TRX contains a conserved catalytic site (-Trp-Cys-Gly-Pro-Cys-Lys) with an active selenocysteine residue that serves as a hydrogen donor for oxidation-reduction (redox) reactions and is involved in the reduction of crucial disulfide bonds that determine the protein conformation and DNA-binding ability of the transcription factors AP-1 (Jun/Fos), nuclear factor B (NFB), and p53 (10) . Overexpression of TRX in MCF-7 breast cancer cells stimulates their anchorage-independent growth and enhances their tumorigenicity (11) . Furthermore, TRX expression is increased in multiple human cancers such as lung, colon, gastric, and liver carcinomas; adult T cell leukemia; and testicular cancer (9) . Together, these observations suggest that TRX may have an important role in modulating cancer growth.
Pancreatic ductal carcinoma (PDAC) is a deadly disease that is characterized by enhanced cellular proliferation, resistance to apoptosis and chemotherapeutic agents, aberrant activation of tyrosine kinase-dependent signaling pathways, and perturbations in TGF-␤ signaling pathways (12) . Resistance to TGF-␤-mediated growth inhibition occurs as a consequence of Smad4 mutations, Smad7 overexpression, or T␤RI underexpression (13) (14) (15) . COLO-357 pancreatic cancer cells have wild-type Smad4, express normal levels of T␤RI and T␤RII, and are growth inhibited by TGF-␤1 (16) . When engineered to overexpress Smad7 (CS7 cells), these cells become resistant to TGF-␤1-mediated growth inhibition and exhibit enhanced anchorage-independent growth and enhanced tumorigenicity in nude mice (14) . In the present study, we used the technique of differential display to assess whether increased Smad7 expression in CS7 cells is associated with an altered gene expression profile and identified TRX as an abundant mRNA in these cells. Using laser-capture micro-dissection and quantitative PCR, we found parallel increases in TRX and Smad7 mRNA levels in 50% of tested PDAC samples. To assess the biological significance of TRX overexpression, we used an antisense strategy to suppress TRX expression in CS7 clones and the TRX inhibitor 1-methyl-propyl-2-imidazolozyl disulfide (PX-12) to inhibit TRX activity. Suppression of TRX expression in CS7 clones attenuated the Smad7-induced increase in anchorage-independent growth. Furthermore, inhibition of TRX activity by PX-12 inhibited cell growth, and this growth-suppressive effect was blunted in CS7 clones. cis-Diamminedichloroplatinum(II) (CDDP)-mediated activation of apoptosis was also greatly attenuated in CS7 clones, which, in contrast to Sham cells, exhibited NFB activation in conjunction with enhanced degradation of inhibitor of nuclear factor-B ␣ (IB-␣). These findings suggest that TRX is downstream of Smad7 in a pathway that may act to promote growth and induce apoptosis resistance in pancreatic cancer cells.
H]thymidine incorporation (21, 22) . The assay relies on the uptake and metabolism of the tetrazolium salt (MTT), and only viable cells take up and metabolize the compound into dark blue formazon crystals. Cells were plated at a density of 8,000 cells/well in 96-well microtiter plates (Costar) and allowed to adhere overnight. Cells were then treated for 24 h. After incubation, 62.5 g/well MTT solution was added for 4 h. The medium was then aspirated, and 100 l of acidified isopropanol (0.04 N) were added followed by vigorous shaking on a platform shaker to lyse the cells. Colorimetric change was read on a Microtiter plate reader with a 570-nm filter.
Laser Capture Microdissection and Real-Time Quantitative PCR. Cancer cells from 5-10-M sections of frozen PDAC samples were microdissected using an Arcturus Laser Capture Microdissecting system (23) . RNA from captured cells was extracted using the SV Total RNA Extraction kit (Promega). RNA (5 ng/sample) was reverse transcribed using the Sensiscript cDNA Amplification kit (Qiagen, Valencia, CA). Real-time fluorescent TaqMan PCR (ABI Prism 7700 Sequence Detection system; Applied Biosystems) was performed as reported previously (19) , using primers and probes specific for human thioredoxin and Smad7. ␤-Actin was used as a reference gene to control RNA input and for efficiency of reverse transcription. The following cycling conditions were used: 50°C for 2 min and 95°C for 10 min; followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.
DNA Laddering. For nonradioactive DNA laddering detection, DNA from treated and untreated cells was isolated in DNA extraction buffer (50 mM Tris-Cl, 0.05% SDS, 0.1% TX-100, 50 g/ml RNase A, 50 g/ml proteinase K, and 25 mM EDTA), phenol/chloroform extracted, and ethanol-precipitated. DNA (1 g) was then size-fractionated on 1.2% agarose gels containing ethidium bromide (0.1 g/ml) and visualized by UV transillumination.
Poly(ADP-Ribose) Polymerase (PARP) Cleavage. Cells were lysed in the presence of protease inhibitors, subjected to 7.5% SDS-PAGE (25 g/ lane), and transferred to nitrocellulose membranes as reported previously (19) . Membranes were incubated at 23°C for 1 h with 1 g/ml of a highly specific (SA-250) mouse anti-PARP antibody (BioMol) washed, and incubated with goat antimouse secondary antibody. Bound antibody was visualized using enhanced chemiluminescence from Pierce.
Measurement of Caspase Activity. Caspase-3 and caspase-9 activities were measured using Colorimetric Assay kits from R&D Systems (Minneapolis, MN). In brief, cells were scraped into PBS, pelleted at low speed, and resuspended in lysis buffer for 10 min at 4°C. Cell lysates were cleared by centrifugation and assayed for caspase-3 and caspase-9 activity using DEVDpNA and LEHD-pNA peptide substrates, respectively, and incubated for 6 h at 37°C. The activities were quantified spectrophotometrically at a wavelength of 405 nm. Caspase activity was calculated as the change in absorbance at 405 nm and divided by total protein concentration.
Luciferase Assay. Cells were plated in 12-well plates at a density of 40,000 cells/well and allowed to adhere overnight. Transfections consisting of a PathDetect pNFB-Luciferase (Stratagene, San Diego, CA) construct (0.5 g) containing five copies of the NFB response element and 0.25 g of CMV-␤-galactosidase plasmid were incubated with 0.75 g of Nupherin Neuron (BioMol) for 30 min at 25°C. The resulting complexes were then incubated with LipofectAMINE (Invitrogen) according to the manufacturer's instructions. Cells were then transfected for 12 h and allowed to recover overnight in complete medium before treatments. Relative luciferase activity was calculated by dividing the luciferase values by the ␤-galactosidase values.
Electrophoretic Mobility Shift Analysis. Nuclear extracts were prepared according to a modified Dignam et al. (24) protocol. In brief, cells were scraped in PBS containing protease inhibitors (1 mM NaVO 3 ; 1 g/ml leupeptin, pepstatin, and aprotonin; and 1 mM phenylmethylsulfonyl fluoride), pelleted, and resuspended in hypotonic buffer A [10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5), 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 0.5 mM DTT, and protease inhibitors] and allowed to swell for 10 min on ice. NP40 was added to a final concentration of 0.5%, and cells were incubated on ice for 10 min before centrifugation for 2 min at 10,000 rpm. The supernatant was removed, and nuclei were resuspended in high-salt buffer C [20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, and protease inhibitors] and incubated with gentle shaking for 15 min on ice before centrifugation at 10,000 rpm for 2 min. Electrophoretic mobility shift analysis reactions were performed with 5 g of nuclear extracts and 50,000 cpm of a 32 P-labeled NFB consensus oligonucleotide (Santa Cruz Biotechnology). Binding reactions were carried out at 3600 23°C for 30 min. Samples were analyzed for protein/DNA complex formation on a 5% nondenaturing polyacrylamide. The gel was then dried and exposed to Kodak Biomax film.
Intracellular Reactive Oxygen Species (ROS) Measurement. Measurement of ROS by CDDP was determined using CMH 2 DCFDA (Molecular Probes, Eugene, OR; 25) and fluorescence measured at 480 nM using a fluorescence plate reader.
RESULTS
Sham-transfected (Sham) and Smad7-overexpressing COLO-357 cells (CS7) were serum starved for 24 h and then incubated with 1 nM TGF-␤1 for 24 h. The extracted RNA was subjected to differential display analysis, revealing increased TRX expression in untreated and TGF-␤1-treated Smad7-overexpressing cells (data not shown). Northern blotting of RNA from Sham cells and three CS7 clones confirmed markedly increased basal levels of TRX mRNA in all three clones by comparison with Sham cells (Fig. 1A) .
TRX expression is increased in multiple human cancers such as lung, colon, gastric, and liver carcinomas; adult T cell leukemia; and testicular cancer (9) . To determine whether TRX mRNA levels are increased in PDAC, total RNA from normal and PDAC samples was analyzed by Northern blottting (Fig. 1B) . Densitometric analysis from 18 normal and 23 PDAC samples revealed an approximately 4-fold increase in TRX mRNA levels in PDACs when compared with the normal pancreas (Fig. 1C ). To assess whether there was a correlation between TRX and Smad7 mRNA levels in the same cancer cells in PDAC, RNA extracted from laser microdissected cancer cells was subjected to TaqMan real-time quantitative-PCR. There was a remarkable concordance between TRX and Smad7 mRNA levels in each sample ( Fig. 1D ), raising the possibility that Smad7 overexpression in PDAC contributes to the up-regulation of TRX.
Next, we sought to determine whether TGF-␤1 modulated TRX expression and whether this effect was altered in the presence of high levels of Smad7. In the absence of TGF-␤1, TRX mRNA levels in Sham cells were relatively low (4 d exposure of autoradiograph) but increased between 1 and 6 h and declined thereafter ( Fig. 2A) . By the end of the 24-h period, TRX mRNA levels were almost undetectable in Sham cells. In contrast, TRX mRNA levels were markedly elevated in the Smad7-overexpressing clone (4 h exposure of autoradiograph) at 1, 6, and 12 h and exhibited a slight decrease at 24 h, which was attenuated in the presence of TGF-␤1 (Fig. 2B) . The increase in TRX mRNA levels correlated well with increased TRX protein levels (Fig. 2C) , and similar results were observed in two other clones (not shown).
Overexpression of TRX in MCF-7 cells has been shown previously to stimulate anchorage-independent growth and increase tumorigenicity (11) . In the present study, CS7 cells exhibited increased (160 Ϯ 8%) anchorage-independent growth by comparison with Sham cells. To determine whether TRX contributed to the increased anchorage-independent growth of CS7 cells, infection with a retroviral isolated from the indicated cells in the absence (control) or presence of 1 nM TGF-␤1 were subjected to Northern blot analysis using a [ 32 P]dCTP-labeled 150-bp thioredoxin cDNA obtained from differential display (1,000,000 cpm/ml). A 7S cDNA probe (50,000 cpm/ml) was used as loading control. Exposure times for thioredoxin were 4 days for COLO-357, 4 h for CS73, and 5 h for 7S. B, Northern blot analysis of PDAC tissue. Total RNA (10 g/lane) from normal and pancreatic cancer tissue was subjected to Northern blot analysis using a thioredoxin cDNA probe. A 7S cDNA probe was used as a loading and transfer control. C, densitometric analysis. Thioredoxin mRNA levels from 18 normal and 23 cancer samples were quantified by densitometry and normalized to the 7S signal. Data are presented as the means Ϯ SE. ‫,ء‬ P Ͻ 0.002 by comparison with values in the normal pancreas. D, analysis of laser-captured samples. Smad7 and thioredoxin mRNA levels in laser-captured pancreatic cancer cells were quantified by TaqMan real-time quantitative PCR as described in "Materials and Methods." Results from triplicate reactions were normalized to a ␤-actin endogenous control for RNA input and are expressed as the means Ϯ SD for thioredoxin and Smad7 RNA levels for each pancreatic cancer sample. vector containing a full-length antisense TRX cDNA was performed to suppress TRX protein levels (Fig. 3B) . These cells exhibited an attenuated increase in colony formation (39 Ϯ 2.3%) when compared with infection with empty vector (Fig. 3A) , indicating that TRX overexpression in the Smad7-overexpressing cells contributes to increased anchorage-independent growth.
Inhibition of TRX activity by imidazolozyl disulfide compounds blocks cell cycle progression in MCF-7 cancer cells (26) . Therefore, we next sought to determine the effects of TRX inhibition on the proliferation of Sham and CS7 cells. Accordingly, cells were incubated with increasing concentrations of PX-12. After 24 h, PX-12 (10 M) attenuated the proliferation of Sham and CS7 cells by 85% and 45-65%, respectively (Fig. 4A) .
Pancreatic cancer cells are resistant to apoptosis and are relatively insensitive to CDDP treatment but undergo apoptosis at high CDDP concentrations (27, 28) . Moreover, TRX protects cells from oxidative stress-induced apoptosis by ROS (29) and from CDDP-mediated cytotoxicity (9, 30) , whereas inhibition of TRX activity induces apoptosis in WEHI7.2 thymoma and HeLa cells (31, 32) . Therefore, we next sought to characterize the effects of CDDP on cell growth and on apoptosis. CDDP (50 M) markedly suppressed the proliferation of Sham cells by 64% but only inhibited the growth of CS7 clones by 25-30% (Fig. 4B) . Cotreatment with PX-12 (10 M) additively exerted a suppressive effect on cell growth in both the Sham and CS7 cells, which was again less effective in the CS7 cells (Fig. 4B) . CDDP (50 M) also induced apoptosis in Sham cells, as evidenced by DNA laddering (Fig. 5A ) and PARP cleavage (Fig. 5B) and by the generation of high levels of caspase-3 and caspase-9 activity (Fig. 5, C and  D) . By contrast, under the same incubation conditions, CDDP failed to induce DNA laddering, PARP cleavage, or caspase-9 activities in CS7 cells (Fig. 5) . Furthermore, the induction of caspase-3 activity in these cells was markedly attenuated (Fig. 5C) .
In addition to stimulating cell proliferation and inhibiting apoptosis, TRX has been implicated in regulating the activity of the NFB cell survival pathway (33) . We therefore sought to determine whether the attenuated effect of CDDP in CS7 cells was due to enhanced NFB activation. CDDP (50 M) caused a marked increase in NFB luciferase activity (2.2-3.0-fold) in CS7 cells but did not alter NFB luciferase activity in Sham cells (Fig. 6A) . The NFB inhibitor pyrrolidine dithiocarbamate decreased basal NFB activity and blocked the CDDP-mediated increase in NFB activity (Fig. 6A) . Furthermore, by electrophoretic mobility shift analysis, binding of NFB was greatly increased by CDDP in CS7 cells but not in Sham cells (Fig. 6B) .
To further characterize the mechanism whereby CDDP activated NFB, we next examined the effects of CDDP on its major endogenous inhibitor, IB-␣. In Sham cells, 16 h after addition of CDDP (50 cM), there was only a slight decrease in IB-␣ protein levels (Fig.  7A) . By contrast, CDDP treatment of CS7 cells for 16 h was associated with a marked decrease in IB-␣ levels in these cells, and this effect persisted for the next 8 h (Fig. 7B) .
To determine whether suppression of NFB activity could restore the ability of CDDP to activate pro-apoptotic pathways, we next examined the effects of a highly specific inhibitor of NFB, SN50, on CDDP-mediated PARP cleavage. As in previous experiments, CDDP (50 M) addition to Sham cells for 24 h induced PARP cleavage, but this effect was not observed in CS7 cells (Fig. 7C ). SN50 at a concentration of 50 M restored the ability of CDDP to induce PARP cleavage in CS7 cells (Fig. 7C) . By contrast, a mutant and inactive form of SN50, SN50M, was ineffective in this regard (Fig. 7C) . Apoptosis signal-regulating kinase-1 (ASK1) is a multifunctional mitogen-activated protein (MAP) kinase kinase kinase member that induces apoptosis though activation of c-jun N-terminal kinase (JNK) and p38 MAP kinase (34) . Its kinase activity is activated by various stress stimuli, including chemotherapeutic agents such as CDDP (35) . TRX binds to ASK1, and the resulting protein-protein complex is devoid of ASK1 kinase activity (36) . Therefore, we next sought to determine whether ASK1 levels were similar in Sham and CS7 cells and whether TRX associated with ASK1 in these cells. Immunoblotting with anti-ASK1 antibodies revealed that ASK1 protein levels were reduced by approximately 50% in CS7 cells by comparison with Sham cells (Fig. 8A) . Moreover, TRX immunoprecipitation followed by immunoblotting for ASK1 revealed that TRX associated with ASK1 in both groups of cells (Fig. 8B) . However, after a 24-h incubation period, CDDP decreased the amount of ASK1 that coimmunoprecipitated with TRX, and this effect was greater in Sham cells by comparison with the CS7 cells (Fig. 8B) .
We next sought to determine whether there was differential activation of JNK and p38 MAP kinase in Sham and CS7 cells. Activation of p38 MAP kinase and JNK, determined using phosphospecific anti-p38 and anti-JNK antibodies, was evident at 16 and 6 h, respectively, after addition of CDDP (50 M) in Sham cells, with the effects persisting for at least 24 h (Fig. 9A) . By contrast, in CS7 cells, these effects were delayed and attenuated, with activation of p38 MAP kinase and JNK becoming evident only after 18 and 16 h, respectively (Fig. 9B) .
ROS can increase the phosphorylation of p38 MAP kinase and JNK, thereby inducing apoptosis (37, 38) . Furthermore, CDDP may increase ROS generation in certain cell types. Therefore, we next examined the effects of CDDP on ROS levels. However, CDDP (50 M) did not significantly alter ROS levels in either Sham or CS7 cells (data not shown).
DISCUSSION
TGF-␤s are multifunctional growth factors that inhibit the growth of epithelial cells, enhance the growth of mesenchymal cells, modulate components of the extracellular matrix, contribute to epithelialmesenchymal transformation, suppress cancer directed immune mechanisms, and promote angiogenesis (39) . TGF-␤s often fail to suppress the growth of epithelial cell-derived cancers because these cells have acquired resistance to TGF-␤-mediated growth inhibition. Such resistance may arise as a consequence of several different types of alterations. These include Smad4 mutations (40) , overexpression of inhibitory Smad6 and Smad7 (14, 41) , mutations in and/or decreased expression of T␤RI or T␤RII genes (42) (43) (44) , structural or functional abnormalities in the p53 tumor suppressor gene (45) , decreased ability to reduce the phosphorylation of the retinoblastoma gene product RB (46) , and overexpression of H-ras (47) , which induces T␤RII downregulation (48) . In some cell types, TGF-␤s may also act by activating ras-dependent pathways, as evidenced by the observation that expression of a dominant-negative N-ras construct partially attenuates the growth-inhibitory actions of TGF-␤s (49, 50) . Conversely, expression of oncogenic K-ras may confer an aggressive cancer phenotype through posttranslational modification of the type III TGF-␤ receptor (51) . Together, these observations imply that perturbations in TGF-␤-dependent signaling pathways occur frequently in human cancers.
Epidermal growth factor up-regulates the expression of Smad7 in lung cancer cell lines (52) , and there is an overexpression of multiple epidermal growth factor-like ligands, the epidermal growth factor receptor, and related tyrosine kinase receptors in PDAC (53) . These observations raise the possibility that excessive mitogenic signaling may block cancer cell-directed inhibitory effects of TGF-␤ by up-regulating Smad7 expression in vivo (54) . Yet, the overexpression of any of the three TGF-␤ isoforms (55) or of T␤RII correlates with decreased patient survival, and T␤RII overexpression is associated with increased expression of matrixmetalloproteinase-9 and plasminogen activator inhibitor 1, or PAI-1 (56).
These (57) , whereas expression of a soluble T␤RII in pancreatic cancer cells, which functions to sequester TGF-␤s, leads to decreased tumor growth and metastasis in athymic nude mice (57, 58) .
We have proposed previously that in pancreatic cancer cells that express high levels of Smad7, TGF-␤s may act directly on the cancer cells to enhance the expression of growth-promoting genes such as PAI-1 (14) . In the present study, using the technique of differential display, we observed that COLO-357 cells that were engineered to overexpress Smad7 exhibited increased levels of TRX. The concomitant overexpression of Smad7 and TRX, at both the mRNA and protein levels, was confirmed in three different Smad7-overexpressing clones. Furthermore, using real-time PCR to analyze mRNA expression in laser-captured cancer cells, we found an extremely close correlation between Smad7 and TRX expression in PDAC samples. Therefore, in addition to its ability to inhibit T␤RI-mediated phosphorylation of Smad2 and Smad3, it is likely that high levels of Smad7 may act to up-regulate TRX expression. Although the specific mechanisms by which this up-regulation is mediated are not known, it has been established that Smad7 may also function as a TGF-␤-independent transcriptional modulator (5). It is possible, therefore, that Smad7 up-regulates TRX expression through a transcriptional mechanism. However, in view of the fact that the time-dependent decrease in TRX mRNA levels that was observed when COLO-357 cells and Smad7 transfected clones were incubated under serum-free conditions was attenuated by TGF-␤1, it is possible that TGF-␤ may also act independently of Smad7 to enhance TRX mRNA half-life.
Irrespective of the mechanism of TRX up-regulation, several lines of evidence suggest that the Smad7-associated increase in TRX expression conferred a growth advantage to COLO-357 cells. First, the Smad7-associated increase in anchorage-independent growth was markedly attenuated after suppression of TRX expression with a TRX antisense construct. Second, PX-12, an inhibitor of TRX activity, greatly inhibited the anchorage-dependent growth of COLO-357 cells, and this inhibitory effect was markedly attenuated in CS7 clones that expressed high levels of TRX. Third, PX-12 enhanced the growth inhibitory actions of CDDP in Sham-transfected COLO-357 cells, and this effect was also markedly attenuated in TRX-overexpressing CS7 Cell lysates were subjected to immunoblotting using an IB-a antibody. The membranes were then stripped and reprobed for ERK2 to assess protein loading. C, Smad7-overexpressing cells were treated for 24 h in the presence (ϩ) or absence of 50 M SN50 or its inactive form (SN50M) and 50 M CDDP. Cell lysates were subjected to immunoblotting using an antibody that recognizes uncleaved and cleaved PARP. Increased TRX expression protects cells from apoptosis induced by a variety of agents, such as dexamethasone, etoposide, doxorubicin, staurosporine, and CDDP (9) . The latter drug exerts its cytotoxic effects principally through the formation of DNA-platinum adducts, which leads to cell cycle arrest and apoptosis (59) . CDDP may also induce apoptosis by activating ASK1 (35) . However, the potential clinical usefulness of CDDP is often limited by the acquisition of resistance to its cytotoxic actions, which may be due to its decreased uptake by the cancer cells, increased efflux from the cells, increased cellular DNA repair mechanisms, and increased levels of TRX, glutathione, or metallothionine (30, 60, 61) . In the present study, a relatively high concentration of CDDP (50 M) induced the activation of apoptosis in Sham cells. However, this effect was markedly decreased in the Smad7-overexpressing CS7 cells, as evidenced by attenuated effects of CDDP on DNA laddering, PARP cleavage, and caspase activation in these cells. It is likely that the high TRX levels in these cells contributed to this resistance, because TRX interacted more efficiently with ASK1 in CS7 cells by comparison with Sham cells, thereby suppressing its activity, leading to attenuated and delayed activation of JNK and p38 MAP kinase in the CS7 cells. In addition, ASK1 levels were lower in CS7 cells, most likely because of TRX-mediated ubiquitination and degradation of ASK1 (62) .
In theory, CDDP could have activated ASK1 through the generation of ROS (36) . It is unlikely, however, that this mechanism was operative in our cells or contributed to the resistance of CS7 cells to CDDP-mediated apoptosis, inasmuch as CDDP did not significantly alter ROS levels in either Sham or CS7 cells. By contrast, CDDP induced an increase in NFB activation in CS7 cells, but not in Sham cells. CDDP has been reported previously to activate the NFB pathway (63, 64) , and NFB activation mediates resistance to apoptosis (65) . It is likely, therefore, that in addition to the differential regulation of ASK1, JNK, and p38 MAP kinase activities in CS7 by comparison with Sham cells, the activation of NFB also contributed to the apoptosis resistance in these cells. In support of this conclusion, the NFB inhibitor SN50, but not its mutant inactive form, restored the ability of CDDP to induce PARP cleavage in CS7 cells.
In theory, several mechanisms may explain the ability of CDDP to induce NFB activation in CS7 cells. Thus, cysteine 62 in NFB must be reduced by TRX for NFB to become active (33) . However, because a relatively low level of TRX is required for such disulfide reduction of proteins, it is unlikely that this was the limiting factor that prevented CDDP activation of NFB in Sham cells. By contrast, ASK1 is a recognized inhibitor of NFB activation, and the TRX-mediated inhibition of ASK1 could have released NFB from this inhibitory effect. In addition, it is well established that in its inactive form, NFB is sequestered in the cytoplasm as a consequence of its interaction with its inhibitor, IB-␣, and that NFB is activated after the phosphorylation and proteosome-mediated degradation of IB-␣ (66) . In the present study, we determined that CDDP treatment of CS7 cells was associated with a marked degradation of IB-␣, and this effect was markedly attenuated in Sham cells. Taken together, these observations indicate that CDDPdependent activation of the NFB pro-survival pathway in CS7 cells was most likely mediated through decreased IB-␣ protein levels and TRXmediated suppression of ASK1.
PDAC is characterized by the presence of high levels of TGF-␤s (55) and by parallel increases in Smad7 and TRX (present findings). TGF-␤s may act in certain cancer cells in a manner that promotes cancer growth and resistance to apoptosis (67) . Similarly, TRX overexpression may lead to an increased tumorigenic potential and resistance to chemotherapeutic and pro-apoptotic agents in a number of different malignancies (9) . Thus, our findings that TRX is downstream of Smad7 in pancreatic cancer cells in a pathway that acts to promote growth and induce apoptosis resistance (Fig. 10) imply a novel regulatory function for this inhibitory Smad protein and raise the possibility that drugs that block TRX expression or action or that interfere with Smad7 function may ultimately have a therapeutic potential in PDAC. Fig. 10 . Hypothetical model of TGF-␤ signaling in a pancreatic cancer. TGF-␤1 is shown activating the T␤R heterotetrameric complex, leading to activation of the classical Smad2/3/4 signaling cascade. Smad7, in addition to potentially acting as a negative regulator of T␤RI and Smad2/3 activation, causes the induction of TRX. High TRX levels lead to increased anchorage-independent growth, suppression of ASK1, and activation of cysteine 62 on NFB. In the presence of CDDP, there is enhanced degradation of IB-␣ in these cells, leading to increased NFB activation. Thus, CDDP-mediated induction of apoptosis is suppressed in Smad7-overexpressing cells as a consequence of ASK1 inhibition and NFB activation.
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